We investigate the magnetization process with the exact solution of the SU(3) Kondo model (the Coqblin·Schrieffer model) in the lowest singlet·doublet j·level energy scheme for the total spin j=4 in the crystalline field. We discuss the possible origin of metamagnetic transition in URu2Si2 within this approach. § 1.
A certain class of materials in the Ce compounds and U compounds has intensively been investigated. In this class of materials, the effective mass determined by the T-linear term of the electronic specific heat ranges from several hundreds to a thousand times larger than the bare electron masses. Therefore, these materials are called heavy electron systems. 1 ), 2) The linear specific heat coefficient is 180[m] /mol K] for URU2Sh. 3 ),4) Because the linear specific heat coefficient is about hundred times larger than ordinary metals, URu2Sh belongs to the heavy electron systems. We have the following interesting properties in URu2Sh. The Neel temperature TN is 17.5[K).3)-S) The ordered moment is O.04 [,uB) .5) The superconducting transition temperature Tc is 1.2 [K] . The coexistence between the antiferromagnetism and the superconductivity occurs below 1.2[K).3),4),6),7) Furthermore, the metamagnetic transition is observed with the magnetic fielCl applied parallel to c-axis. The meta magnetic transition fields are 358[kOe], 365[kOe] and 396[kOe] at 1.3 [K] . However, there is no metamagnetic anomaly with the magnetic field applied perpendicular to c-axis. 8 ) Nieuwenhuys investigated the magnetic properties in URU2Sh with a model of singlet -singlet induced magnetic ordering as described,9) for example, by Wang et al. 10 ) and Buyers et al. ll ) He assumed that the 51-electron number of U ion is 2. The total spin j is 4 in the L-S coupling scheme. It is possible that the singlet at the ground state of I-levels takes place. It seems to us that the magnetic properties for the singlet at the ground state of I-levels have not been investigated with the exact solution. 12 )-22) We need to investigate the magnetic properties with the exact solution for the singlet at the ground state of I-levels.
The purpose of this paper is that we investigate the magnetization process at the ground state with the exact solution based on theSU(3) Kondo model in the lowest singlet-do1..lblet I-level energy scheme for the total spin j=4 in the crystalline field. 23 ) Although the intersite coupling (the RKKY interaction)24)-26) between U ions and the small ordered moment are neglected in this model, we have the advantage that this model is exactly treated with the I-level energy scheme. Within this approach, we R. Konno investigate how far the metamagnetic behavior in URuzSiz can be explained. This paper is organized as follows. In § 2, we explain the SU(3) Kondo model. We investigate the I-level scheme split by the crystalline field. In § 3, we compare the result of calculation with the experimental result when we choose a set of parameters as an example. In § 4, we summarize the results and discuss the possible origin of metamagnetic behavior in URuzSiz. We take the unit of Boltzman constant kB=l throughout this paper. § 2. Model
Model
A crystal structure of U ions in URuzSiz is a body centered tetragonal lattice. We assume that there are two 51-electrons per U ion in URuzSiz. Then, the multiplet of URuzSiz is split into the state of total angular momentum j=4 and the state of j=6. We expect that the energy levels of j=6 are much larger than the ones of j=4. The degeneracy of ground multiplet of j =4 is partly removed by the existence of weak crystalline field as we will mention in § 2.2. The only lowest singlet-doublet I-level scheme for j=4 split by the crystalline field is taken into account as we will see in show that the effect of the crystalline field is important. This shows that 51-electrons localize by the strong electronic correlation from the near electrons. As the first approximation, we may replace the two 51-electrons with a localized spin. We consider an exchange interaction between conduction electrons and the localized spin. We can use the SU(3) Kondo model (the Coqblin-Schrieffer model) Hf~ndo in the lowest singlet-doublet I-level scheme. 15 ).z3) The explicit form of Hf~hdO is
where Ck is a kinetic energy for conduction electrons, ] is an exchange interaction between conduction electrons and a localized I-spin, H is a magnetic field, g is the Lande-factor (g=4/5 for U4+), and /-lB is Bohr magneton. (J)m is the energy of the singlet and the doublet, which is denoted by m. dm and Ckm are a creation operator and an annihilation operator of a conduction electron with a wave vector k, the singlet state and the doublet state m, respectively. ak and am are a creation operator of a 51-electron and an annihilation operator of a 51-electron, respectively. In the next section, we will mention the crystalline field hamiltonian in order to investigate the I-level scheme. The I-level scheme will be given.
Hamiltonian lor crystalline field
Crystal structure of U ions in URuzSiz is a body-centered tetragonal lattice. U ions are subject to a crystalline field. We consider the hamiltonian for the crystalline field in this subsection. We describe the hamiltonian of the crystalline field for the ground mtultiplet of j =4 in terms of the Stevens operator because many researchers use this operator. 9 ), 27) The crystalline field hamiltonian should be invariant under symmetry operations of D4h group. We have chosen c·axis as z-axis of the spin space. Therefore, the most general hamiltonian of the crystalline field Hcry is 9
where B 20, B 40, B4\ B 60, B6 4 are crystalline field parameters. When the magnetic field is applied parallel to c-axis, in order to investigate the magnetic field dependence of magnetization we need diagonalize the following hamiltonian:
The second term is the Zeeman term. When the magnetic field is zero, we can diagonalize H ext whose eigenvalues (tJ are as follows: ( The corresponding wave functions are 
When the magnetic field is applied parallel to c-axis, the diagonalization has been done numerically.
We take into account the only lowest singlet-doublet I-level energy scheme for the total spin j =4 in the crystalline field as we will see in § 3. We can use the Bethe ansatz solution of SU(3) Kondo model for the problem with the singlet-doublet energy scheme of I-levels. We calculate the magnetization with using the exact solution for the ground state by following Hewson et al. 16 } and Kawakami et al,18},20},22} In the next section, we will mention and discuss the results of calculation. § 3.
Results
In the previous section, we introduced the SU(3) Kondo model in the only lowest singlet-doublet I· level scheme. Next, we explained the crystalline field hamiltonian for D4h group with the Stevens operator. In this section, we investigate the magnetization process with using the exact solution at the ground state for the SU(3) Kondo model when we choose a set of parameters. We compare the result of calculation with the experimental data in URu2Si2.
First, we choose a set of parameters 
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Kondo effect.28) The Kondo temperature TK is comparable to the Neel temperature because the ordered moment is very small. We choose TK =17.5 [K] . Secondly, we determine the crystalline field parameters. Unfortunately, all the crystalline field parameters cannot be determined by the. experimental data because we have the five crystalline field parameters. It is assumed that the contribution of higher order crystalline field is small. The sixth order crystalline field parameters, B60, B6 4 LIIO is equal to 37[K] with this set of parameters. In the set of parameters, the I-level scheme is a singlet-doublet-singlet-singlet-singletdoublet-singlet from Eqs. (2·4) and (2'5) . The order of I-levels is
In this case, LI20 is equal to 240[K] where LI20 is a difference between the second excited state and the ground state of I-level. Therefore, we consider the only lowest singletdoublet state of I-level, W2, W6 because LI20 is larger than LIIO• The magnetiC field dependence of magnetization is investigated with the above set of parameters. Figure. 1 shows the magnetization curve with the magnetic field applied parallel to c-axis. The 0 marks in Fig.1 show the result of calculation for the set of parameters, TK =17.5 [K] , B20=O.638 [K] ," B 4°=O.116[K], B 4 4 =1. 16[K] . The x marks in Fig. 1 show the experimental data. At a glance, the result of calculation is consistent with the experimental data except the transition of 365[kOe], and 396[kOe].
R. Konno
The possible ongm of metamagnetic transition is considered. We give the f-Ievel scheme with the magnetic field applied parallel to c-axis. The degeneracy of In:» is removed by the magnetic field. Correspondingly, the f-Ievel (J)s splits into two energy levels (J)sl, (J)su. The levels (J)2, (J)SI, (J)su are expressed by
respectively. The reduced external magnetic field h is h=gpBH.
The growth of magnetization for the low magnetic field is mainly due to the lowest singlet. The sudden growth of magnetization around the metamagnetic transition field is caused by the level crossing between (J)2 and (J)SI from Eqs. (3·2a)~(3·2c). The main contribution to magnetization is I ±3> above the metamagnetic transition.
In the present approach, the metamagnetic transition at 365[kOe] and 396[kOe] cannot be explained. In order to explain this behavior, we need to take into account the influence of the higher order crystalline field BsoOso, BS40S4 neglected. We also need to investigate the magnetization curve in the other f-Ievel scheme. It will be investigated somewhere. We discuss the magnitude of the Kondo temperature TK used in the present approach. It has been assumed that TK =17.5 [K] . On the other hand, TK is estimated to be 30[K] from the specific heat experimental data. 4 ) TK used in the present approach may not be consistent with the experiment. Therefore, we need to consider the effect of intersite correlation neglected.
It has been assumed that U ions are U4+ in URu2Siz. On the other hand, Renker et al. assumed U3+.29) They tried to explain the Schottky anomaly by the transition between two doublets split by the crystalline field: We need also investigate the magnetization process for U3+. § 4.
Conclusions
We made the following assumptions. There are two 5f-electrons per U ion. The two 5f-electrons were replaced with the localized spin. The total spin j is 4. The 5f-Ievel scheme split by the crystalline field was searched when the localized spin at j=4 feels the crystalline field for D4h symmetry. As an example, we chose the set of parameters with which the ground state of f~level was the singlet. With a set of parameters, we took into account the only lowest singlet-doublet of f-Ievel. We investigated the magnetization curve at the ground state with the exact solution of the SU(3) Kondo model (the Coqblin-Schrieffer model) for the energy scheme. The result of calculation is consistent with the experimental data .. The sudden growth of magnetization. around the metamagnetic transition field is caused by the level cross-ing. Unfortunately, the parameters used cannot be determined with the various experimental data because the parameters are six. We chose a set of parameters in order for the result of calculation to fit the experimental data. Therefore, we cannot estimate whether the set of parameters is valid or not. However, we may tell that we reproduce the metamagnetic behavior itself.
There are the coexistence between the antiferromagnetism and the superconductivity in URu2Si2. The ordered moment is very small as we mentioned in the Introduction .. Up to here, we neglected the small ordered moment and the superconductivity. However, the magnetic field breaks down th~ superconductivity. Therefore, the superconductivity does not influence the origin of the metamagnetic behavior for the high magnetic field. We need to think how the small ordered moment influences the metamagnetic behavior. This problem is a future challenge.
